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Abstract
The observed suppression of high-pT hadron spectra, finite azimuthal anisotropy, disappearance of jet-like back-to-back
correlations, and their centrality dependence in Au + Au collisions at RHIC are shown to be quantitatively described by jet
quenching within a pQCD parton model. The difference between h± and π0 suppression in intermediate pT is consistent with
the observed (K +p)/π enhancement which should disappear at pT > 6 GeV/c. The suppression of back-to-back correlations
is shown to be directly related to the medium modification of jet fragmentation functions (FF) similar to direct-photon triggered
FF’s.
 2004 Elsevier B.V.
PACS: 12.38.Mh; 24.85.+p; 25.75.-q
Open access under CC BY license. The degradation of high-pT partons during their
propagation in the dense medium can provide criti-
cal information necessary for detection and character-
ization of the strongly interacting matter produced in
high-energy heavy-ion collisions. Because of radiative
parton energy loss induced by multiple scattering, the
final high-pT hadron spectra from jet fragmentation
are expected to be significantly suppressed [1]. Such a
phenomenon, known as jet quenching, was observed
for the first time in Au + Au collisions at the Rel-
ativistic Heavy-Ion Collider (RHIC) [2,3]. One also
observes the disappearance of back-to-back jet-like
hadron correlations [4] and finite azimuthal anisotropy
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Open access under CC BY license.[5] of high-pT hadron spectra. These three seemingly
unrelated high-pT phenomena are all predicted as con-
sequences of jet quenching [1,6–8]. Together, they can
provide unprecedented information on the properties
of dense matter produced at RHIC.
In this Letter, we will study these three high-pT
phenomena simultaneously within a lowest order (LO)
pQCD parton model that includes initial nuclear kT
broadening, parton shadowing and medium induced
parton energy loss. We point out that an enhanced
(K + p)/π ratio leads naturally to different suppres-
sion of h± and π0 spectra at intermediate pT range.
We will also show that the suppression of back-to-back
correlations is directly related to the medium modi-
fication of hadron-triggered FF’s similar to a direct-
photon triggered FF [10]. 
166 X.-N. Wang / Physics Letters B 595 (2004) 165–170In a LO pQCD model [9], the inclusive high-pT
hadron cross section in A + A collisions is given by
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where zc = pT /pT c, y = yc, σ(ab → cd) are par-
ton scattering cross sections and tA(b) is the nuclear
thickness function normalized to
∫
d2b tA(b) = A. We
will use a hard-sphere model of nuclear distribution in
this Letter. The K ≈ 1.3–2 factor is used to account
for higher order pQCD corrections. The parton dis-
tributions per nucleon fa/A(xa,Q2, r) inside the nu-
cleus are assumed to be factorizable into the parton
distributions in a free nucleon given by the MRS D–′
parameterization [11] and the impact-parameter de-
pendent nuclear modification factor [12,13]. The ini-
tial transverse momentum distribution gA(kT ,Q2, b)
is assumed to have a Gaussian form with a width that
includes both an intrinsic part in a nucleon and nuclear
broadening. Details of this model and systematic data
comparisons can be found in Ref. [9].
As demonstrated in recent studies, a direct conse-
quence of parton energy loss is the medium modifica-
tion of FF’s [14,15] which can be well approximated
by [16]
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(
zc,Q
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provided that the actual energy loss is about 1.6 times
of the input value. Here z′c = pT /(pT c − Ec), z′g =
〈L/λ〉pT /Ec are the rescaled momentum frac-
tions and Ec is the total parton energy loss dur-
ing 〈L/λ〉 number of scatterings. The FF’s in free
space D0h/c(zc,Q
2) are given by the BBK parameteri-
zation [17].We assume a 1-dimensional expanding medium
with a gluon density ρg(τ, r) that is proportional to the
transverse profile of participant nucleons. The average
number of scatterings along the parton propagating
path is then
(3)〈L/λ〉 =
τ0+L∫
τ0
dτ σρg(τ, b, r + nτ),
where L(b, r,φ) is the distance a jet, produced at
r , has to travel along n at an azimuthal angle φ
relative to the reaction plane in a collision with impact-
parameter b.
According to recent theoretical studies [8,15,16]
the total parton energy loss in a finite and expanding
medium can be written as a path integral,
(4)E ≈
〈
dE
dL
〉
1d
τ0+L∫
τ0
dτ
τ − τ0
τ0ρ0
ρg(τ, b, r + nτ),
where ρ0 is the averaged initial gluon density at to in a
central collision and 〈dE/dL〉1d is the average parton
energy loss over a distance RA in a 1-d expanding
medium with an initial uniform gluon density ρ0. Note
that ρg ∝ ρ0, so there is no explicit dependence on
ρ0 in the above equation. The explicit dependence on
τ0 is also very weak as long as it is much smaller
than the system size or lifetime. In the numerical
calculation, we will use τ0 = 0.2 fm/c. The value
of τ0, however, will determine how one relates the
effective energy loss in the 1-d expanding system to
a static one, since the corresponding energy loss in a
static medium with a uniform gluon density ρ0 over a
distance RA is [16] dE0/dL = (RA/2τ0)〈dE/dL〉1d .
In the high-energy limit, the parton energy loss has a
logarithmic energy dependence [18]. However, for a
parton with finite initial energy the energy loss has
a stronger energy dependence because of restricted
phase space for bremsstrahlung [19]. Detailed balance
between induced gluon emission and absorption will
further increase the energy dependence [20] for a
parton with finite initial energy. In this Letter we will
use an effective quark energy loss
(5)
〈
dE
dL
〉
1d
= 0(E/µ0 − 1.6)1.2/(7.5 + E/µ0),
from the numerical results in Ref. [20]. The detailed
balance reduces the effective parton energy loss and at
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collisions as compared to data from STAR [3] and PHENIX [2]. See
text for a detailed explanation.
the same time increases the energy dependence. The
threshold is a consequence of gluon absorption that
competes with bremsstrahlung and effectively shuts
off energy loss for lower energy partons.
Shown in Fig. 1 are the calculated nuclear mod-
ification factors RAB(pT ) = dσhAB/〈NABbin 〉dσhpp for
hadron spectra (|y| < 0.5) in Au + Au collisions at√
s = 200 GeV, as compared to experimental data.
Here, 〈NABbin 〉 =
∫
d2b d2r tA(r)tB(|b − r|). To fit the
observed π0 suppression in the most central colli-
sions, we have used (solid lines) µ0 = 1.5 GeV, 0 =
1.07 GeV/fm and λ0 = 1/(σρ0) = 0.3 fm with the
new HIJING parameterization [13] of parton shadow-
ing. The hatched area (also in other figures in this Let-
ter) indicates a variation of 0 = ±0.3 GeV/fm. The
hatched boxes around RAB = 1 represent experimen-
tal errors in overall normalization. Alternatively, one
has to set µ0 = 1.3 GeV and 0 = 1.09 when EKS pa-
rameterization [12] of parton shadowing is used (dot-
dashed lines). Without parton energy loss, the spec-
tra is slightly enhanced at pT = 2–5 GeV/c due to
nuclear kT broadening even with parton shadowing.This effect due to kT smearing will disappear above
pT > 5 GeV.
The flat pT dependence of the π0 suppression is a
consequence of the strong energy dependence of the
parton energy loss, which is also observed by other
recent studies [21]. The slight rise of RAB at pT <
4 GeV/c in the calculation is due to the detailed bal-
ance effect in the effective parton energy loss. In this
region, one expects the fragmentation picture to grad-
ually lose its validity and other non-perturbative ef-
fects [22] become important that will give an enhanced
(K + p)/π ratio in central Au + Au collisions. To in-
clude this effect, we add a soft component to kaon and
baryon FF’s that is proportional to the pion FF with
a weight ∼ 〈Nbin(b, r)〉/[1 + exp(2pT c − 15)]. The
functional form and parameters are adjusted so that
(K + p)/π ≈ 2 at pT ∼ 3 GeV/c in the most cen-
tral Au+Au collisions and approaches its p+p value
at pT > 5 GeV/c. The resultant suppression for total
charged hadrons and the centrality dependence agree
well with the STAR data. One can relate h± and π0
suppression via the (K +p)/π ratio: Rh±AA = Rπ
0
AA[1+
(K +p)/π]AA/[1+(K+p)/π]pp . It is clear from the
data that (K + p)/π becomes the same for Au + Au
and p+p collisions at pT > 5 GeV/c. To demonstrate
the sensitivity to the parameterized parton energy loss
in the intermediate pT region, we also show Rh
±
AA in
0–5% centrality (dashed line) for µ0 = 2.0 GeV and
0 = 2.04 GeV/fm without the soft component.
Since jets produced in the central core of the dense
medium are suppressed due to parton energy loss, only
those jets that are produced near the surface emerge
from the medium. The observed high-pT hadron
multiplicity should be proportional to the number of
surviving jets in the outer layer of the overlapped
volume which in turn is approximately proportional to
the total number of participant nucleons. The nuclear
modification factor normalized by 〈Nbinary〉 should
decrease with centrality. This agrees well with the
observed centrality dependence. This surface emission
picture also gives a natural geometrical limit of the
azimuthal anisotropy [23].
In non-central collisions, the average path length
of parton propagation will vary with the azimuthal
angle relative to the reaction plane. This leads to an
azimuthal dependence of the total parton energy loss
and therefore azimuthal asymmetry of high-pT hadron
spectra [7,8]. Such asymmetry is another consequence
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the STAR [24] 4-particle cumulant result.
of parton energy loss and yet it is not sensitive to the
nuclear kT broadening and parton shadowing. Shown
in Fig. 2 is v2(pT ) (second Fourier coefficient of
the azimuthal angle distribution) of charged hadrons
generated from parton energy loss (dot-dashed) as
compared to preliminary STAR data [24] using the
4-particle cumulant moments method [25] which is
supposed to reduce non-geometrical effects such as
inherent two-particle correlations from di-jet produc-
tion [26]. The energy loss extracted from high-pT
hadron spectra suppression can also account for the
observed azimuthal anisotropy at large pT . If the re-
maining v2 at intermediate pT is made up by kaons
and baryons from the soft component, one find that
they must have v2 ≈ 0.23 (0.11) for 20–50% (0–10%)
collisions. The total v2(pT ) is shown by the solid
lines.
Note that this calculation is based on an approx-
imation of a 1-dimensional expanding system. Since
the transverse expansion reduces the geometric ec-
centricity of the dense medium throughout the evo-
lution of the system, inclusion of transverse expan-
sion would most likely to reduce the final hadron
anisotropy [27]. The relaxation of the hard-sphere nu-
clear distribution to a more realistic Woods–Saxon dis-
tribution is also found to reduce the spectra anisotropy
in a static source [28]. In a rapidly expanding sys-
tem, the anisotropy is dominantly generated by the
initial density eccentricity. The effect of the diffused
edge of Woods–Saxon nuclear distribution is expected
to be reduced. Nevertheless, a full calculation in-
cluding transverse expansion and Woods–Saxon nu-clear distribution would be worthwhile in a future
study.
In the same LO pQCD parton model, one can also
calculate di-hadron spectra,
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for two back-to-back hadrons from independent frag-
mentation of the back-to-back jets. Set pT 1 = ptrigT , we
define a hadron-triggered FF as the back-to-back cor-
relation with respect to the triggered hadron:
(7)
Dh1h2
(
zT ,φ,p
trig
T
)= ptrigT dσ
h1h2
AA /d
2p
trig
T dpT dφ
dσ
h1
AA/d
2p
trig
T
,
similarly to the direct-photon triggered FF [10] in
γ -jet events. Here, zT = pT /ptrigT and integration over|y1,2| < y is implied. In a simple parton model, the
two jets should be exactly back-to-back. The initial kT
distribution in our model will give rise to a Gaussian-
like angular distribution. In addition, we also take
into account the intra-jet distribution using a Gaussian
form with a width of 〈kT 〉 = 0.8 GeV/c.
Shown in Fig. 3 are the calculated back-to-back
correlations for charged hadrons in Au + Au colli-
sions as compared to the STAR data [4]. The same
energy loss that is used to calculate single hadron
suppression and azimuthal anisotropy can also de-
scribe well the observed away-side hadron suppres-
sion and its centrality dependence. In the data, a back-
ground B(pT )[1 + 2v22(pT ) cos(2φ)] from uncor-
related hadrons and azimuthal anisotropy has been
subtracted. The value of v2(pT ) is measured in-
dependently while B(pT ) is determined by fitting
X.-N. Wang / Physics Letters B 595 (2004) 165–170 169Fig. 3. Back-to-back correlations for charged hadrons with
p
trig
T
> pT > 2 GeV/c, p
trig
T
= 4–6 GeV/c and |y| < 0.7 in
Au+Au (lower curves) and p+p (upper curves) collisions as com-
pared to the STAR [4] data.
the observed correlation in the region 0.75 < |φ| <
2.24 rad [4].
Since most of jets produced in the central core
of the colliding volume are suppressed, the triggered
high-pT hadrons mainly come from jets produced near
the surface traveling away from the dense core. These
jets are not quenched, as observed in STAR data [4].
Most away-side jets, however, will be suppressed as
they go through the dense core, except those that
are propagating in directions tangent to the surface.
This leads to a much smaller azimuthal anisotropy
of the away-side suppression. On the average, both
the magnitude of the away-side suppression and the
centrality dependence should be similar to the single
hadron suppression, as seen in the data. Contrary to
another study [29], we find that the pT broadening
associated with energy loss has no significant effect
on the observed back-to-back correlations, since those
jets that have large final-state broadening also have
large energy loss and thus are suppressed.
Integrating over φ, one obtains a hadron-triggered
FF, Dh1h2(zT ,p
trig
T ) =
∫ π
π/2 dφD
h1h2(zT ,φ,p
trig
T ).Fig. 4. The suppression factor for hadron-triggered fragmentation
functions in central (0–5%) Au + Au (d + Au) collisions as
compared to the STAR data [4].
Shown in Fig. 4 are the suppression factors of the
hadron-triggered FF’s for different values of ptrigT in
central Au + Au collisions as compared to a STAR
data point that is obtained by integrating the observed
correlation over π/2 < |φ| < π . The dashed lines il-
lustrate the small suppression of back-to-back correla-
tions due to the initial nuclear kT broadening in d +A
collisions. The strong QCD scale dependence on ptrigT
of FF’s is mostly canceled in the suppression factor.
The approximately universal shape reflects the weak
pT dependence of the hadron spectra suppression fac-
tor in Fig. 1, due to a unique energy dependence of
parton energy loss.
In summary, we have studied simultaneously the
suppression of hadron spectra and back-to-back cor-
relations, and high-pT azimuthal anisotropy in high-
energy heavy-ion collisions within a single LO pQCD
parton model incorporating current theoretical under-
standing of parton energy loss. Experimental data
of Au + Au collisions from RHIC can be quanti-
tatively described by jet quenching in an expand-
ing medium. With HIJING (EKS) parton shadow-
ing, the extracted average energy loss for a 10 GeV
quark in the expanding medium is 〈dE/dL〉1d ≈
0.85(0.99) ± 0.24 GeV/fm, which is equivalent to
dE0/dL ≈ 13.8(16.1) ± 3.9 GeV/fm in a static and
uniform medium over a distance RA = 6.5 fm. This
value is about a factor of 2 larger than a previous es-
timate [16] because of the variation of gluon density
along the propagation path and the more precise RHIC
data considered here.
170 X.-N. Wang / Physics Letters B 595 (2004) 165–170Acknowledgements
I would like to thank D. Hardtke, P. Jacobs and
J. Klay for helpful discussions. This work was sup-
ported by DOE under Contract No. DE-AC03-
76SF00098.
References
[1] X.N. Wang, M. Gyulassy, Phys. Rev. Lett. 68 (1992) 1480.
[2] K. Adcox, et al., Phys. Rev. Lett. 88 (2002) 022301;
S.S. Adler, et al., nucl-ex/0304022.
[3] C. Adler, et al., Phys. Rev. Lett. 89 (2002) 202301;
J.L. Klay, nucl-ex/0210026.
[4] C. Adler, et al., Phys. Rev. Lett. 90 (2003) 082302.
[5] C. Adler, et al., Phys. Rev. Lett. 90 (2003) 032301.
[6] M. Pluemer, M. Gyulassy, X.-N. Wang, Nucl. Phys. A 590
(1995) 511c.
[7] X.N. Wang, Phys. Rev. C 63 (2001) 054902.
[8] M. Gyulassy, I. Vitev, X.N. Wang, Phys. Rev. Lett. 86 (2001)
2537.
[9] X.N. Wang, Phys. Rev. C 61 (2000) 064910.
[10] X.N. Wang, Z. Huang, I. Sarcevic, Phys. Rev. Lett. 77 (1996)
231;
X.N. Wang, Z. Huang, I. Sarcevic, Phys. Rev. C 55 (1997)
3047.
[11] A.D. Martin, R.G. Roberts, W.J. Stirling, R.S. Thorne, Eur.
Phys. J. C 4 (1998) 463.
[12] K.J. Eskola, V.J. Kolhinen, C.A. Salgado, Eur. Phys. J. C 9
(1999) 61.
[13] S.Y. Li, X.N. Wang, Phys. Lett. B 527 (2002) 85.[14] X.F. Guo, X.N. Wang, Phys. Rev. Lett. 85 (2000) 3591;
X.F. Guo, X.N. Wang, Nucl. Phys. A 696 (2001) 788.
[15] C.A. Salgado, U.A. Wiedemann, Phys. Rev. Lett. 89 (2002)
092303.
[16] E. Wang, X.N. Wang, Phys. Rev. Lett. 89 (2002) 162301.
[17] J. Binnewies, B.A. Kniehl, G. Kramer, Z. Phys. C 65 (1995)
471.
[18] M. Gyulassy, X.N. Wang, Nucl. Phys. B 420 (1994) 583;
R. Baier, Y.L. Dokshitzer, A.H. Mueller, S. Peigne, D. Schiff,
Nucl. Phys. B 484 (1997) 265.
[19] M. Gyulassy, P. Levai, I. Vitev, Phys. Rev. Lett. 85 (2000)
5535.
[20] E. Wang, X.N. Wang, Phys. Rev. Lett. 87 (2001) 142301.
[21] S.Y. Jeon, J. Jalilian-Marian, I. Sarcevic, Phys. Lett. B 562
(2003) 45;
B. Mueller, nucl-th/0208038;
I. Vitev, M. Gyulassy, Phys. Rev. Lett. 89 (2002) 252301;
X.N. Wang, Nucl. Phys. A 715 (2003) 775.
[22] I. Vitev, M. Gyulassy, Phys. Rev. C 65 (2002) 041902;
R.C. Hwa, C.B. Yang, Phys. Rev. C 67 (2003) 034902;
R.J. Fries, B. Muller, C. Nonaka, S.A. Bass, Phys. Rev. Lett. 90
(2003) 202303;
V. Greco, C.M. Ko, P. Levai, Phys. Rev. Lett. 90 (2003)
202302.
[23] E.V. Shuryak, Phys. Rev. C 66 (2002) 027902.
[24] R. Snellings, STAR Collaboration, nucl-ex/0305001.
[25] N. Borghini, P.M. Dinh, J.Y. Ollitrault, Phys. Rev. C 64 (2001)
054901.
[26] Y.V. Kovchegov, K.L. Tuchin, Nucl. Phys. A 708 (2002) 413.
[27] M. Gyulassy, I. Vitev, X.N. Wang, P. Huovinen, Phys. Lett.
B 526 (2002) 301.
[28] A. Drees, H. Feng, J. Jia, nucl-th/0310044.
[29] T. Hirano, Y. Nara, Phys. Rev. Lett. 91 (2003) 082301.
